ABSTRACT During their life cycle, amebae of the cellular slime mould Dictyostelium discoideum aggregate to form multicellular structures in which differentiation takes place . Aggregation depends upon the release of chemotactic signals of 3',5'-cAMP from aggregation centers . In response to the signals, aggregating amebae elongate, actively more toward the attractive source, and may be easily identified from the other cells because of their polarized appearance. To examine the role of cytoskeletal components during ameboid locomotion, immunofluorescence microscopy with antibodies to actin, myosin, and to a microtubule-associated component was used . In addition, rhodamine-labeled phallotoxin was employed. Actin and myosin display a rather uniform distribution in rounded unstretched cells. In polarized locomoting cells, actin fluorescence (due to both labeled phallotoxin and specific antibody) is prevalently concentrated in the anterior pseudopod while myosin fluorescence appears to be excluded from the pseudopod . Similarly, microtubules in locomoting cells are excluded from the leading pseudopod . The cell nucleus is attached to the microtubule network by way of a nucleus-associated organelle serving as a microtubule-organizing center and seems to be maintained in a rather fixed position by the microtubules . These findings, together with available morphological and biochemical evidences, are consistent with a mechanism in which polymerized actin is moved into the pseudopod through its interaction with myosin at the base of the pseudopod . Microtubules, apparently, do not actively participate in movement but seem to behave as anchorage structures for the nucleus and possibly other cytoplasmic organelles.
Directed cell locomotion is an example ofa highly integrated series of biological reactions . Basically, it requires cellular receptors to sense a tactic signal, a signal-processing system, and a motile apparatus for generation of a motile force. Among the several models employed for the studyofdirected locomotion in eucaryotic cells . amebae and particularly the ameboid stages of slime mould are ofgreat interest since they offer the possibility of a combined structural, biochemical, and genetic approach. The morphogenetic development of the cellular slime mould Dictyosteiium discoideum begins at the end of the vegetative growth phase with the aggregation of a sparse population of amebae into masses which will eventually differentiate into spore and stalk cells . Aggregation is an ordered process in which individual cells, dispersed over a territory of several square millimeters, are brought together to form a multicellular aggregate (28) . These aggregating cells respond to chemotactic signals of 3',5'-cAMP by direct active locomotion towards the attractive source (20) . Locomoting cells can be easily distinguished from the rest of the cell population by their elongated shape (3) . The aggregation of D. discoideum thus provides an attractive system for the study ofdifferent aspects ofameboid movement during directed cell motility. Several aspects of ameboid movement in D. discoideum have already been investigated, including the pattern of movement (31) and the ultrastructural and immunochemical localization of actin (12, 13) . Furthermore, the chemotactic system has been extensively studied (see reference 26 for review) and some of the molecular mechanisms involved in the force-generating system for ameboid movement have been characterized (see reference 34 for review). In this paper we report the distribution of major proteins and structures ofthe ameba motility system and cytoskeleton including actin, myosin, and microtubules during 3',5'-CAMP-directed locomotion and natural aggregation . For this purpose, indirect immunofluorescence either with specific antibodies against purified Dictyostelium actin and myosin or with a rabbit -yglobulin fraction containing antibodies specific for Dictyostelium microtubules (8) has been used. F-actin in motile cells has been localized by using rhodamine-labeled phallotoxin (40) . In addition the position ofthe nucleus and the nucleusassociated microtubule-organizing center has been determined in relation to cell locomotion. In this study the generic name ofnucleus-associated organelle (NAO)I ofGirbardt (15) will be used to indicate the nucleus-associated microtubuleorganizing center, as proposed in a recent review by Heath (17) . The NAO of D. discoideum amebae functionally corresponds to the centriole of higher cells.
MATERIALS AND METHODS
Cells : D . discoideum amebae (strain Ax2) was grown axenically at 22°C in HL5 medium containing 86 mM glucose (39) . Cells were harvested in the early exponential phase of growth at a concentration of I-2 x 106 cells/ml. Cell viability, as determined by plating clonally with Aerobacter aerogenes on SM agar plates (33), was >99% .
Aggregation: The natural aggregation of amebae was followed using a glass slide technique (3) . A 0.5-ml volume of amebae in HL-5 medium containing 2 x 106 cells/ml was spread over a defined area (2 x 2 cm) of a standard microscopic slide . Cells were allowed to adhere at 22°C for at least 30 min, the medium was removed, and the slides were gently washed two times in a KK2 buffer solution (g/l water: KH2P04 , 2 .25 ; K2 HP04 , 0 .67 ; MgS04 -7H20, 0 .5; pH 6 .1) . Excess liquid was drained with absorbent paper, and slides were incubated and inverted in a humid chamber. Under these conditions, aggregation streams are visible after 12-16 h of incubation at 22°C.
3',5'-cAMP-stimulated Chemotaxis: Amebae were collected by low-speed centrifugation (800 g for 10 min), washed twice in Sorensen phosphate buffer (g/l :Na2HP04 -2H20, 0.3 ; KH2POa, 2 .07 ; pH 6 .0), and suspended in the same buffer at a concentration of 1 x 10' cell/ml . To obtain chemotactically competent cells, the suspension was placed in a rotatory shaker (at 100 strokes per min) for 7 h at 22°C . A migration chamber was prepared by attaching a Parafilm ring (internal diameter 1 .4 cm, thickness 1 mm) to the surface of a microscope slide, and a glass capillary tube (-100,um in diameter), connected with a l0-kl microsyringe filled with a 1 mM solution of 3',5'cAMP (Serva, Heidelberg, W. Germany) in Sorensen buffer, was fixed through one side of the Parafilm ring. A 0.2-ml sample of chemotactically competent cells was then placed into the chamber and subsequently covered with a dialysis membrane . Chemotaxis was induced by pulse-releasing small amounts (0 .5-1 pl) of 3',5'-CAMP into the system. Cells were monitored with an inverted Leitz Diavert microscope and fixed for subsequent examination at appropriate times.
Antigens: Actin and myosin from D . discoideum amebae were isolated according to Clarke and Spudich (10) . The purity of the antigens was assayed by SDS gel electrophoresis in a gradient of 5-20% acrylamide using the method of Laemmli (21) . Rabbit actin and myosin were a gift of Dr. Vic Small (Salzburg).
Antibodies: Immune -1-globulin was obtained by injecting purified proteins in New Zealand rabbits as previously described (37) . Monospecific antibodies against actin and myosin were obtained by affinity chromatography of the -1-globulin fraction on a CNBr-activated Sepharose 4B (Pharmacia Fine Chemicals, Piscataway, NJ) column to which actin and myosin, respectively, had been covalently attached (14) . The monospecific antibodies were eluted with glycine-HCI 0 .2 M, pH 2 .8, and stored at -20°C in 0 .15 M sodium chloride, pH 7 .2, at a final concentration of 1-2 mg/ml.
Immunological characterization of antiactin and antimyosin antibodies was obtained by electrophoretic blotting (36) . The antigenic mixture was first resolved by SDS PAGE (10% polyacrylamide concentration) followed by electrophoretic transfer of the polypeptides from the polyacrylamide gel onto nitrocellulose membrane (Millipore HAWP 304170) using the technique described by Byers and Fujiwara (6) . After transfer, the membranes were soaked ' Abbreviations used in this paper: NAO, nucleus-associated organelle; TBS, 10 mM Tris, 150 mM NaCI, pH 7 .4 . in 6 M urea and in distilled water and then incubated for 60 min in 20% fetal calf serum in TBS (10 mM Tris, 150 mM NaCl, pH 7 .4) to saturate nonspecific binding sites. After extensive washing in TBS, the membrane was incubated with a 1 :100 dilution of rabbit antiactin and antimyosin antibodies in TBS for 60 min at 37°C. Immunocomplexes were detected using an immunoperoxidase reaction by adding y-anti-rabbit horseradish peroxidase-conjugated antibody (Dako, Copenhagen, Denmark) diluted 1 :500 in TBS containing 20% fetal calf serum at 37°C for 60 min . After washing, peroxidase was localized by staining the membrane with a freshly prepared solution of 0 .3% 4-chloro-I-naphthol and 20% methanol in TBS containing 0.5 jul/ml of a 30% H202 solution. The reaction was terminated after 20-30 min by washing with water. The blots were dried between filter papers and stored protected from light.
In addition to monospecifc antiactin antibodies, a rhodamine-conjugated phallotoxin preparation was used . This preparation specifically binds to F-actin (40) .
To visualize the microtubule system of D . discoideum, we used a y-globulin fraction from a rabbit preimmune serum . This fraction specifically stains Dictyostelium microtubules in both interphase and mitosis, giving a pattern indistinguishable from that of monospecific anti-brain tubulin antibodies (8, 30) and of monoclonal anti-yeast tubulin antibodies. Its characterization is given elsewhere (9).
Staining of Cells: Slides containing aggregating cells or 3',5'-cAMPactivated amebae were observed to determine the stage of movement, and selected positions were noted for subsequent relocation. Fixation was accomplished by adding few drops of 3 .5% formaldehyde in phosphate-bufferd saline, 0.14 M, pH 7 .2 (PBS), to the slide for 20 min at 22°C. Aftei extensive washing, slides were postfixed in methanol (l0 min) and acetone (7 min) at -20°C and air dried . Cells were then incubated for 60 min at 37°C with antiactin monospecific antibodies, antimyosin monospecific antibodies (both at a final concentration 0 .2 mg/ml protein), or antimicrotubule -y-globulin (1-2 mg/ml protein). 
RESULTS

Specificity of Antibodies
The specificity of antiactin and antimyosin antibodies was assessed by electrophoretic blotting (36) . As shown in Fig. 1 , c and d, antiactin antibodies react specifically with D. discoideum or rabbit muscle actin. Antimyosin antibodies are apparently reacting mainly with the heavy chain of D. discoideum myosin, and with rabbit muscle myosin they show little peroxidase reaction product (Fig. l a-b) . No reaction could be detected in the region of myosin light chains. These results are in agreement with our previous characterization of these antibodies using double immunodiffusion test (9) .
Antibodies to microtubules were obtained from the preimmune serum of a female New Zealand rabbit, as previously described (8) . These antibodies apparently do not recognize tubulin, but react to one or more microtubule-associated proteins (9) . This antiserum has been shown to specifically bind to microtubules and to the NAO of D. discoideum amebae . We use this serum to localize microtubules, instead ofa previously prepared anti-pig brain tubulin antibody (37) , because the background staining is much lower and the resolution is higher (8, 9, 29) . The microtubule display ofD. discoideum amebae obtained with this serum is indistinguishable from that obtained with a monoclonal antibody against yeast tubulin (in Fig. 2 
, cf. A and B with D and E).
To demonstrate the specificity ofthe fluorescence reactions, the following controls were used: (a) untreated cells, (b) cells RuBINO ET AL .
Cell Cytoskeleton and Ameboid Movement stained with anti-rabbit FITC-conjugated antibodies, (c) cells incubated with rabbit pre-immune sera and stained with FITC-conjugated antibodies, and (d) cells incubated with either monospecific antibodies against actin or against myosin, preabsorbed with their respective antigens as described (12) and stained with FITC-conjugated anti-rabbit antibodies. The specificity of the rabbit ti-globulin fraction containing antibodies against D. discoideum microtubules was demonstrated as described elsewhere (9) . All controls were negative .
Actin, Myosin, and Microtubules during Locomotion
When amebae are subjected to pulses of 3',5'-cAMP they migrate toward the attractive source . During locomotion, modification of cell shape takes place; amebae elongate and emit a pseudopod from the anterior end (13, 31) . Such locomoting cells can easily be identified (Fig. 3, D and E) and the distribution of actin, myosin, and microtubules can be compared to that of nonlocomoting cells. Fig . 4 , A-G shows actin fluorescence in unspread, spread, and locomoting cells, respectively. Small, rounded cells (as seen by phase-contrast microscopy) show a bright fluorescence almost uniformly distributed (Fig. 4, A and F) . In more enlarged and flatter cells, however, fluorescence is less uniform, and bright patches along the cell membrane are more concentrated where filopods are visualized (Fig. 4D) . Locomoting cells display a more intense fluorescence particularly at the leading edge of the cell, while diminished fluorescence is noted in the tail region . Bright areas between the cell poles are seen mainly along lines corresponding to the cell borders (Fig. 4, E and  F) . These results are similar to those obtained by Eckert and Lazarides (12) using an antiactin antibody prepared with chicken gizzard actin. Cells stained with rhodamine-conjugated phafotoxin show a similar pattern (Fig. 4 G) .
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Rounded amebae stained with monospecific antibodies against Dictyostelium myosin show a strong bright fluorescence similar to that seen when antibodies against actin are used (Fig. 5A ) . Stretched cells, however, present diffuse fluorescence with a typical "mottled" appearance including large unstained holes corresponding to nuclei and smaller unstained areas probably corresponding to smaller vacuoles or organelles (Fig. 5, A-D) . This pattern cannot be correlated with pseudopod or filopod emission . A similar mottled distribution of fluorescence is also evident in locomoting cells, along with brighter areas corresponding to the tail region where ameba thickness is greater (Fig. 5, E and F) . Fluorescence can not be detected at the tip of the large frontal pseudopods oflocomoting cells (Fig. 5 F) .
Microtubule patterns in 3',5'-CAMP-stimulated amebae and control cells are shown in Fig. 2 . In unstimulated cells, microtubules originate from a microtubule-organizing center located approximately in the middle of the cell and show a random distribution throughout the cytoplasm (Fig. 2, A and  D) . Locomoting cells have an elongated appearance, with the microtubule network aligned along the cells longitudinal axis (Fig. 2, B and E). Few microtubules are seen in pseudopods and appear to terminate near the leading edge . The pattern of microtubules in motile amebae can be more clearly seen during the streaming phase of natural aggregation (Fig. 3D) . These amebae have a very elongated shape, reaching as much as 50 Im in length, and are flat enough to allow immunofluorescence examination . Fig. 3 , A-C shows three areas at increasing distances from the center of a streaming aggregate. As in the case of chemotactic response to pulses of 3',5'-cAMP, the microtubules of moving amebae are longitudinally aligned and their absence from the leading edge of the cell is even more clear. This pattern is more evident in cells located at the periphery of the streaming aggregate where cell locomotion is faster (Fig. 3 C) . In fact, the diffuse fluorescence seen in pseudopods of these cells cannot be due to individual microtubules or bundles of microtubules which, under these conditions, should appear as fluorescent lines . Immunofluorescence also shows that the NAO of moving amebae are preferentially located in the central region of the cell . This observation is confirmed by the examination of Giemsastained locomoting amebae (Fig. 6 ). More than 80% of these amebae show the NAO in the central area, while only some cells with longer pseudopods have their NAO in the posterior third (Fig. 6A) . In locomoting amebae, nuclei can be found in the frontal region of the cell but more preferentially follow the NAO, and in the longer cells the majority of the nuclear chromatin is seen several micrometers behind it. In binucleated amebae, the two nuclear NAO complexes are either paired or seen one behind the other along the axis of the cell (Fig. 6, E and F) . The general impression obtained from examining thousands of Giemsa-stained motile cells is that NAO seems to indicate the orientation to the cell . It is not possible to establish, however, whether it is the NAO itself that mandates the direction of locomotion to the cell, as proposed for the centriole of higher cells (1, 2, 15, 16 ) . The basis for NAO staining with Giemsa stain is not completely understood but is probably dependent on its deoxyribonucleoprotein content (29) .
DISCUSSION
The generation of movement during ameboid locomotion is thought to be largely dependent on the interaction between structured forms of actin and myosin (see reference 35) . In D . discoideum, actin is present in both filamentous (F) and soluble form (G) and seems to undergo cycles of gelation and contraction in the cell cytoplasm (35) . A large amount of filamentous actin is membrane associated (11) and co-purifies with the membrane fraction (23, 32) . Furthermore, in the electron microscope, bundles of actin filaments have been seen preferentially associated with pseudopods (13, 24) . Our immunofluorescence results on the distribution of actin in resting and motile cells are in agreement with these data, showing a rather uniform distribution of actin in rounded cells and a preferential association of the fluorescence with the membrane and with pseudopod emission in both stretched and locomoting cells . Actin fluorescence is always intense in the leading pseudopod of locomoting cells. This is consistent with the frontal contraction theory of Allen (4), according to which the leading pseudopod corresponds to the area of contraction where a large amount of gelated actin should be present . The preferential staining of the leading pseudopod with rhodamine-labeled phallotoxin indicates that most of the actin in this area is indeed in the F form .
Generally, myosin seems to be randomly distributed in the cytoplasm of D. discoideum amebae. In addition, myosin fluorescence is absent or only slightly visible in pseudopods in both standing and locomoting cells. This situation is similar to that observed in spreading HeLa cells in which myosin seems to be absent from the margins of ruffling membranes and the interior cytoplasm (19) . Therefore, if myosin has a role in moving the pseudopod, it must do so at the base of the pseudopod itself. However, the apparent lack of fluorescence in selected areas of the cell does not signify an absolute absence of the antigen, since, as evidenced with myosin in stress fibers, the antigen may be present in small amount (18) . Therefore, we can conclude that myosin is not prominent in the pseudopods of D. discoideum . In this regard, the pseudopods appear to be different from those of other motile cells such as polymorphonuclear leukocytes in which a large amount of myosin has been demonstrated (38) .
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Cell Cytoskeleton and Ameboid Movement D . discoideum amebae are thought to contain few microtubules (22) . This impression, probably due to the difficulty in reconstructing the microtubule pattern of a cell by electron 386 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 microscopy, is not supported by our immunofluorescence results that show a well-developed microtubule network in both resting and motile amebae. Although microtubules can (B, C, E, F, and G) locomoting cells after stimulation by pulses of 3',5' cAMP ; actin fluorescence is clearly associated with pseudopod emission (B and C) and in oblongated cells is prominent in the leading pseudopod (E, F and G) . The striking similarity between staining due to antiactin antibodies and that due to labeled phalloidin is apparent in E and G . In all moving cells, direction is from left to right . Bars, 10 /Am . be seen in pseudopods, the leading pseudopod of fast-moving amebae is largely devoid of these structures . This suggests that microtubules are not necessary for the formation of the leading pseudopod although they might support its formation by functioning as an anchoring point of attachment for actin or myosin filaments. However, amebae treated with a variety of microtubule inhibitors can still undergo an almost normal aggregation phase (7, 27) , implying that microtubules do not play an essential role in ameboid locomotion . In addition, cells in which microtubules have been disarranged by inhibitors have the same elongated appearance as normal cells, suggesting that microtubules are not necessary for determining polarity. These results, however, must be interpreted with caution, because all treated cells show at least some microtubules radiating from the NAO that may be sufficient for the establishment of polarity (cf . Fig . 4, C and F) .
Regarding the arrangement of nucleus and NAO in the ameboid cells of D. discoideum, our data support the hypothesis that the centriole or equivalent organelles may be involved in coordinating cell movements as reported by Swanson and Taylor (34) for Dictyostelium amebae and by other investigators for various cell types (2, 16, 25) . However, a clear demonstration of the coordinating role of these structures is still lacking .
Our results can be summarized using a model of a motile ameba in which the relative locations of the nucleus-microtubular complex and the actomyosin system overlap (Fig. 7) . A standing cell shows a fairly uniform distribution of actin and myosin with microtubules filling the cytoplasm, and the nucleus connected to them through the NAO (Fig. 7A) . During locomotion, polymerized actin rapidly protrudes into the leading pseudopod (Fig. 7 B) . Although the actin displacement is probably due to its interaction with myosin, this phenomenon seems to occur only at the base of the pseudopod since little, if any myosin, can be detected in the advancing pseudopod. Microtubules also do not follow actin into in the leading pseudopod and seem not to be involved, even indirectly, in movement generation since, as indicated, microtubule-depleted amebae demonstrate an apparently normal locomotion. During movement, by forces generated in the cytoplasm, the nucleus appears to be driven either backward or forward. tached at the center of the cell by its NAO which in turn remains fixed to the microtubule network. However, in cells in which microtubules have been destroyed by inhibitors, the 388 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 nucleus frequently falls to the posterior end (data not shown) . Although connections between microtubules and cytoplasmic organelles are at present unidentified, indirect evidence for
